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ABSTRACT. Nanowire lasers are integrated with planar waveguide devices using a high 
positional accuracy micro5transfer printing technique. Direct nanowire to waveguide coupling is 
demonstrated, with coupling losses as low as 517 dB, dominated by mode mismatch between the 
structures. Coupling is achieved using both end5fire coupling into a waveguide facet, and from 
nanowire lasers printed directly onto the top surface of the waveguide. In5waveguide peak 
powers up to 11.8 :W are demonstrated. Basic photonic integrated circuit functions such as 
power splitting and wavelength multiplexing are presented. Finally, devices are fabricated on a 
mechanically flexible substrate to demonstrate robust coupling between the on5chip laser source 
and waveguides under significant deformation of the system. 
 
The integration of micron scale laser sources with on5chip photonic integrated circuits (PICs) is 
of great interest for applications from low5power, short haul optical interconnects [1] to point of 
use biosensor systems [2]. By locating laser sources directly on5chip, the critical alignment of 
fiber to waveguide couplers can be overcome and sources can be distributed arbitrarily across the 
chip, reducing packaging costs for volume manufacture of such devices. Furthermore, recent 
advances in the manufacture of planar optics on flexible substrates have demonstrated the 
potential for high performance deformable devices in applications including mechanical sensors 
[3], optical interconnect fabrication [4] and flexible silicon photonics [5]. Such systems are 
critically dependent on the availability of on5chip optical sources for point of use application. 
There are a number of potential schemes for the hybrid integration of laser sources with passive 
planar optics, including die bonding [6] and pick5and5place [7] technologies. However, these 
schemes tend to work with modestly sized edge5emitting laser devices with lengths in the 10’s to 
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100’s of microns range. An alternative approach lies in the use of nanowire (NW) semiconductor 
laser devices. These sources have dimensions in the micron range and have been demonstrated in 
optically [8][9] and electrically [10] pumped variants, with average output powers in the nW 
regime [11]. There are two main methods for the integration of NWs with on5chip optical 
waveguides: direct growth of semiconductor NWs on the passive waveguide material [12, 13], or 
mechanical transfer of NWs from their growth substrate to the target devices [14, 15, 16].  
Regrowth methods allow high accuracy alignment between physical structures on different 
material platforms through lithographic methods and have been reported with coupling 
efficiencies between NW array lasers and silicon waveguides of ~4%.  Mechanical transfer 
techniques avoid subjecting the host devices to growth process conditions and allow the pre5
screening of individual devices to be integrated.   The crucial issue in the integration of these 
laser sources with PICs lies in the coupling of their optical output mode with the on5chip optics. 
A number of techniques for the mechanical positioning and organization of NWs have been 
reported in recent years, such as optical and optoelectronic tweezing [17], dry transfer techniques 
[18], mechanical pick5up using atomic force microscopy tips [19], fluidic [20] and electric field 
processes [21], Langmiur5Blodgett assembly protocols [22] and large scale transfer printing 
processes [23526]. In all of these techniques there is a major tradeoff between the final NW 
placement accuracy and the potential scalability of the method. It has therefore been necessary to 
employ self5aligned coupling schemes to couple NW laser modes to guided wave structures, for 
example (with reported external coupling efficiencies given in parentheses), v5groove plasmonic 
guides (10%) [27], air5slot photonic crystals cavities [14] or lateral mechanical contacting of NW 
sections coupled to long nano5ribbon waveguides (50%) [28].  In addition to coupling efficiency 
of the NW output mode to external guiding structures, the form of and fabrication method of 
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such waveguides is important to consider for any given application, taking into account, for 
example, propagation losses, effects on NW threshold, mode geometry, and potential integration 
with lithographically defined photonic integrated circuits. Finally, future integration of these 
NWs will require electrical injection for many applications.  Pioneering work has already shown 
the compatibility of mechanically placed NW devices with electrical injection [10, 20, 21]. 
The requirement of scalable, high precision placement of NW sources can be met using a 
nanoscale Transfer5Printing (nano5TP) method [29]. In this work we demonstrate, by means of 
this technique, the integration of NW laser sources with pre5fabricated PICs. Two different 
coupling geometries are presented, printing the NW laser either on top of existing waveguides or 
directly aligned with the waveguide facet. Multiple NWs are integrated with power splitters and 
on single waveguides to show multi5wavelength operation. Finally, the integration of NW lasers 
with PICs on a flexible glass substrate is realized, demonstrating consistent laser5waveguide 
coupling under severe deformation of the substrate.  
In order to directly couple NW lasers with planar waveguide devices, two geometries were 
investigated, as shown in the schematic of Figure 1a: (i) lateral coupling and (ii) end5to5end facet 
coupling. In (i), the NW laser is directly printed onto the top surface of the waveguide. In (ii), the 
NW laser is printed onto the substrate with its long axis aligned with the normal of the 
waveguide end facet. InP NWs were employed in this work, with lasing emission at room 
temperature in the range of ~ 840 – 900 nm [30][31], though the technique is equally applicable 
to NWs emitting in other spectral ranges. The NW lasers were hexagonal in cross5section with an 
equivalent diameter of 435 nm and an average length of 6 :m. The waveguide devices were 
fabricated on SiO2 substrates in SU58 polymer material using a custom direct5write laser 
lithography tool (see Supporting Information). The waveguides were 7 :m in width and 4 :m in 
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height and are therefore multimode at the wavelengths of interest. Multimode waveguides allow 
for an increased numerical aperture (NA) for input coupling and are compatible with high 
bandwidth, short haul optical interconnect techniques [32]. Propagation loss of the waveguides is 
estimated to be less than 3dBcm
51
 (see supplementary material for details). Finally, the NW 
lasers were integrated with the waveguide platform by means of a nano5TP method [29]. This 
technique provides high precision placement accuracy [33] thus allowing the selection of pre5
tested NW lasers for integration with the waveguides. The accuracy with which the NWs could 
be aligned with pre5existing features on the host substrate was assessed by printing pairs of NWs 
in an end5to5end configuration, attempting to align their long axes. Full details of this 
measurement are given in the supporting information document. Figure 1b shows an SEM image 
of two NWs printed in this configuration. The average misalignment of pairs of NWs printed in 
this form was measured to be 50 nm with a standard deviation of 35 nm, illustrating the 
capability of this method for alignment of NW devices to optical waveguides with cross5
sectional dimensions down to the sub5micron range. 
Figure 1c shows a typical lasing spectrum and an image of the emission from a NW laser 
obtained using the :5photoluminescence (:5PL) setup (shown in figure 1d) built to characterize 
the room5temperature lasing emission of the integrated NW lasers. These were optically pumped 
with a 532 nm, 1.6 ns pulsed frequency5doubled Nd:YAG laser at a repetition rate of 10 kHz. All 
laser results presented in this work were measured at an average optical pump power of 6.95 :W 
(fluence: 38.8 mJ/cm
2
). The measurement rig consisted of two main sub5sections, a vertical 
detection setup (VS) for measurement of the top scattered light from the NW lasers, and an edge 
detection module (EDM), where light from the waveguide end facets was imaged on a CCD 
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camera. Full details of the setup are given in the supplementary material. The results in figure 1c 
were captured with the VS detection system. 
Figure 2 shows results demonstrating the successful integration of individual InP NW lasers with 
SU58 waveguides in both lateral and facet coupling configurations (see Figures 2a5c). The 
micrographs in Figure 2d and 2e show the lasing emission from the NWs in Figure 2b and 2c (as 
collected with the VS detection module) after their integration with the waveguides. The light 
coupled into the waveguides was imaged at the waveguide’s facet (approx. 1 cm away from the 
NW lasers’ location) using the EDM system in the setup. These images are shown in Figure 2f 
and 2g, for the lateral and facet configurations, respectively. Additionally, Figures 2h and 2i plot 
the lasing spectra measured (using the VS detection modules) for the NW lasers in Figures 2b 
and 2c, respectively. Figures 2d5i, therefore illustrate that the NWs retain their optical properties 
[29] after their integration with the waveguides and that a fraction of their light is successfully 
coupled into the waveguides. Figures 2f and 2g also reveal a complex multimode spatial profile 
as the NW laser emission couples into different modes of the multimode polymer waveguide. 
The coupling efficiencies for both test geometries can be calculated using the integrated power 
measured at the EDM’s camera. This signal is then compared with measurements of a set of 
similar NW lasers printed at the edge of a substrate and imaged directly. For the latter 
measurements, a number of NWs were printed at the edge of a cleaved SiO2 substrate. These 
permitted the direct imaging of their end5facet emission thus allowing the calculation of their 
emitted optical powers. Full details on the coupling efficiency calculations are given in the 
supporting information document. The calibration NW lasers were optically excited with a 
fluence of 38.8 mJ/cm
2
 (6.95 :W), (with the pump laser spot being much larger than the cross5
sectional absorption area of the NWs). Under these conditions these were measured to lase with 
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an average output optical power of 11.2 nW (as collected at the CCD camera of the EDM 
system), corresponding to a peak power of 700 :W. In parallel, the measured integrated average 
powers of the waveguide modes for the lateral and facet coupled devices were 0.07 nW,and 0.19 
nW, respectively. These give values of peak power from the waveguides equal to 4.2 :W and 
11.8 :W, respectively. When compared with the calibration devices, this yields coupling 
efficiencies of 0.7% (521.5 dB) and 1.9% (517.2 dB) for the lateral and facet coupled NW lasers, 
respectively. 
To demonstrate the flexibility and simplicity of the method, a number of other photonic 
integrated circuit (PIC) components were created. The first of these was a Y5junction power 
splitter. Here, two NW lasers were integrated in facet coupled arrangement at the two symmetric 
ports of the splitter and the optical waveguide mode was measured at the single waveguide 
output as seen in Figures 3 a5c. Total propagation length from the NW lasers to the output facets 
was around 1 cm. Figures 3d and 3e show the facet images captured at the single output 
waveguide facet of the 2x1 device when the NW lasers in figs. 3b and 3c are individually 
(optically) pumped above their lasing thresholds. The waveguide facet images revealed a relative 
integrated power difference of only 9% between the NW lasers integrated at the top and bottom 
branches of the Y5junction (with the latter having higher power). This illustrates consistent 
coupling across different waveguides and NW lasers. We attribute this difference in detected 
powers to asymmetries in the Y5junction and possible misalignments between the former and the 
NWs. Additionally, some asymmetry in the waveguide junction can be observed from the 
variation of the output waveguide modes from each injection NW laser. For example, Figure 3d 
shows that the fundamental mode is dominantly coupled to from the top waveguide arm, whilst 
Figure 3e shows a significant amount of optical power transmitted in the first order mode, 
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injected from the lower arm.  These variations are likely due to asymmetry in the waveguide 
pattern from the laser writing tool in the 10’s of nanometers scale and variable offset of the NW 
lasers from the waveguide center, inducing different coupling fractions to the allowed guided 
modes. 
Using the lateral coupled NW laser configuration, an alternative method for producing 
multiplexed signals in a single waveguide can be created. Figure 4a shows an optical micrograph 
of a waveguide with two NW lasers printed along its length, separated by ~50 :m. This 
geometry has the potential for integrating many sources together in an extremely compact 
footprint. The measured lasing emission, captured in the VS, is shown in Figure 4b and 4c. The 
light imaged at the waveguide facets is shown in Figure 4d and 4e. Estimations of the integrated 
powers revealed a difference in the values obtained for both NW lasers. Finally, Figure 4f 
merges the individually measured spectra (at the waveguide’s facet) for both integrated NW 
lasers, showing achievement of two distinct lasing peaks at different wavelengths, at 861 and 882 
nm, for the NWs integrated on a single waveguide. 
Finally, one of the major benefits in integrating NW laser sources on5chip with planar 
waveguides is the reduction in alignment accuracy necessary to couple to external systems. 
Usually, on5chip waveguides have to be aligned with sub5micron precision to injection fiber or 
free space optics. In systems based on flexible substrates this makes operation of on5chip devices 
extremely challenging.  In the scheme presented here, the NW laser is aligned with the 
waveguide devices using the nano5TP method. Therefore, under deformation of a flexible 
substrate, the coupling between the on5chip elements should not be significantly affected. The 
NW lasers still require to be optically pumped, but this alignment is far more tolerant to 
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misalignment than coupling to waveguides, as the pump spot can be much larger than the NW 
laser geometric cross5section, allowing for coarse alignment. 
The integrated optical devices presented in this work were fabricated on a flexible glass substrate 
with a thickness of 30 :m [34]. To demonstrate the robustness of the NW laser to waveguide 
coupling under mechanical deformation of the system, the setup shown in Figure 4a was used. 
The flexible glass substrate was mounted with the output facet end bonded to the edge of a glass 
slide to keep it fixed in position. The free end of the substrate was deflected in the vertical 
direction using a mechanical probe tip on a micrometric translation stage. This deflection was 
converted to an equivalent radius of curvature, (, assuming a constant bend radius of the 
flexible substrate. The NW laser was integrated with the waveguide in a facet configuration as 
shown in Figure 5b. Figure 5c shows the VS image of the NW laser under pumping whilst Figure 
5d shows the imaged facet of the waveguide. The integrated waveguide facet power was 
measured as a function of )*(, where )*(+, corresponds to an un5deflected substrate. Figure 5e 
shows the relationship between the substrate bending and normalized output power of the 
waveguide. At each point the pump laser was optimized to produce a maximum measured power, 
i.e. compensating for vertical misalignment of the pump focus with deflection of the substrate. 
There is minimal variation (~5%) in the measured output power, and therefore the coupling 
efficiency between the NW laser and the waveguide, down to a radius of curvature of 1.6 cm. 
This was the limit of our measurements due to mechanical fracture of the substrate for radius 
below 1.6 cm. 
In summary, this work presents the hybrid integration of NW lasers with polymeric waveguide 
devices on mechanically flexible substrates, including channel waveguides, Y5junctions and 
multi5wavelength systems. Two integration configurations (facet and lateral coupling) are 
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successfully demonstrated, offering alternative routes to on5chip device design. Coupling 
efficiency estimations showed that optical power levels in the order of several :Ws (peak power) 
can be coupled from the integrated NW lasers into the waveguides and propagated over 
significant on5chip distances. The coupling efficiencies for facet and lateral coupling of 517 dB 
and 521 dB, respectively, are dominated by the spatial mode mismatch between the NW lasers 
and polymer waveguides.  This modal mismatch can be improved using optimized mode5
matching couplers, for example tapered waveguide designs [35] or embedding the emitter within 
the waveguide structure [36]. Finally, the :5assembled laser to waveguide coupling overcomes 
key limitations of PICs on flexible substrates. Coupling efficiency is robust against mechanical 
substrate deformation, requiring only coarse alignment of the pump laser spot. Future systems, 
integrating vertical pump diodes, NW lasers and PICs enabled by this scheme are particularly 
relevant for optical interconnects and point of use biosensors on flexible substrates. 
  
ASSOCIATED CONTENT 
	
. Additional information on the nanoscale Transfer Printing technique, 
waveguide fabrication, 5Photoluminescence setup for the characterization of NWs, positional 
accuracy of the printing method, and estimation of the NW5waveguide coupling efficiency. The 
supporting information is available free of charge on the ACS Publications website at DOI: 
xxxxx/acs.nanolett.xxxxxxx. 
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	
 # (a) Schematic diagram of the lateral and facet coupling configurations for the 
integration of NW lasers with waveguides. (b) SEM image of two InP NWs printed in an end5to5
end configuration for alignment estimation (scale bar: 5 μm). (c) Spectrum and micrograph of an 
InP NW laser on a silica substrate. (d) Diagram of the :5photoluminescence setup. PL = pump 
laser; WP = λ/2 waveplate; PBS = polarized beam splitter; BD = beam dump; NDF = neutral 
density filter; AW = attenuation wheel; NIRF = near5infrared filter; LED = light emitting diode; 
EDM = edge detection module; VS = vertical setup. 
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	
# (a5c) Images of two SU58 waveguides on flexible glass with integrated NW lasers in 
lateral (up) and facet (bottom) configurations. Scale bar: 30 μm. (b & c) Insets for the boxed 
areas in (a). Scale bar: 10 μm. (d & e) Lasing emission (collected in VS) from the NWs coupled 
in lateral and facet configurations. Scale bar: 7 μm. (f & g) Waveguide facet image for the lateral 
and facet coupled devices. Scale bar: 15 μm. (h & i) Spectra for the two integrated NWs in 
lateral and facet coupling arrangements. 
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	
"# (a) Image of a 2x1 SU58 Y5junction waveguide. Scale bar: 80 :m. (b & c) show facet 
coupled NW lasers into the 25input side of the Y5Junction, scale bar: 20 :m. (d & e) Waveguide 
facet images showing the light from the NWs in (b & c) collected at the 15output side of the Y5
Junction. Scale bars in (d5e): 10 :m. 
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	
# (a) Two InP NW lasers integrated with a waveguide in lateral coupled configuration. 
Scale bar: 15 :m. (b & c) VS collected micrographs of the lasing NWs at the top and bottom 
parts of the waveguide in (a). Scale bar: 7 :m. (d & e) Light collected at the waveguide facet for 
the NWs integrated at its top (d) and bottom (e) parts. Scale bar: 15 :m. (f) Individually captured 
spectra at the waveguide facet for the two integrated NW lasers. 
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	
 # (a) Apparatus used to investigate the effects of substrate bending. (b) NW laser 
integrated in facet arrangement with a SU58 polymer waveguide on a flexible glass substrate. 
Scale bar: 15 :m. (c & d) Images of the lasing NW and light collected at the waveguide facet 
with the substrate bent with a radius of curvature of approx. 1.6 cm. Scale bar: 7 :m. (e) 
Normalized light intensity at the waveguide facet as a function of 1/Rc. Inset shows captured 
spectral emission of the NW at 1.6 cm radius of curvature. 
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